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While oocyte vitrification has become a common practice, it still faces some challenges 
such as the low survival rates after warming, probably related to cryoinjuries and cryoprotectant 
(CPA) toxicity. Evidence suggests that vitrification might have an effect on the patterns of some 
epigenetic marks including DNA methylation and histone acetylation. During fertilization and 
embryogenesis, key events for healthy and adequate embryo development take place, not only 
governed by the information contained within the DNA sequence, but also by epigenetic 
mechanisms.  
This study was aimed at determining the effect of vitrification and CPA exposure, using a 
combination of ethylene glycol (EG) with either DMSO or glycerol (Gly), on DNA methylation 
and histone acetylation of bovine oocytes. Additionally, the effect of vitrification and 
cryoprotective solutions on the meiotic spindle was evaluated. To achieve this goal, three 
experiments were carried out. The first experiment was intended to evaluate the effect of 
vitrification on DNA methylation of bovine cumulus-oocyte complexes (COCs) at two different 
maturation stages, germinal vesicle (GV) and metaphase II (MII). The second was designed to 
determine the effect of CPA exposure on DNA methylation and histone acetylation. The last 
experiment assessed the impact of vitrification and CPA exposure on microtubule distribution 
and chromosome arrangement, and if a subsequent incubation period after vitrification could 
promote the reorganization of the spindle. Results obtained suggest that vitrification of bovine 
oocytes at the GV stage does not have an effect on DNA methylation patterns. Similar outcomes 
were obtained when comparing oocytes in the MII vitrified with DMSO and fresh oocytes. 
However, oocytes vitrified with Gly showed an abnormality presented in the form of DNA 
fragmentation. On the other hand, exposure to EG + DMSO increases the levels of DNA 
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methylations in comparison with fresh oocytes. CPA exposure does not have an effect on histone 
acetylation levels. Finally, results of the third experiment indicate that CPA exposure has no 
impact on the incidence of abnormal meiotic spindles. In contrast, vitrification using DMSO 
increases the occurrence of abnormal meiotic spindles and the damage seems to be irreversible. 






CHAPTER I  
INTRODUCTION 
 
Successful cryopreservation and warming of oocytes have numerous applications in 
research and commercial activities. It has great potential for improving animal breeding 
programs and other technologies such as nuclear transfer and the production of transgenic 
animals (Zhou and Li, 2013). In reproductive medicine, cryopreservation of oocytes represents 
the solution for synchronization problems between the embryo and uterus. Additionally, it might 
be the only option for establishing pregnancies in human patients undergoing treatments that 
might result in fertility loss (reviewed in Van Der Elst et al., 1992).  
 Many factors are involved in the effective cryopreservation of oocytes, but the most 
important one is to maintain the developmental competence post thawing (Lieberman, 2012). In 
contrast to the embryo, the oocyte has proven to be a very difficult cell to undergo successful 
cryopreservation due to its large size and the vulnerability of cellular structures to low 
temperatures and cryoprotective agents (Fahy et al., 2004). Protocols designed to freeze mouse 
embryos were applied to oocytes and resulted in live births; however, high levels of imparity 
were found when utilizing this technique (Whittingham, 1977). Fahy et al. (1984) proposed 
vitrification as the best alternative to cryopreserve oocytes using high concentrations of 
cryoprotectants (CPAs) and very rapid cooling rates that allow the transition of cryoprotective 
solution to a glass-like state. Studies regarding the use of vitrification have presented the birth of 
live young in many species including mouse (Whittingham, 1977), human (Kuleshova et al., 
1999), and bovine (Vieira et al., 2002).  
 Vitrification has become routine in the artificial reproductive technology lab. However, it 
still faces many challenges caused by the effect of freezing and high concentrations of CPAs. 
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Most of the best studied cryoinjuries are related to structural damages such as disruption of 
cumulus cell integrity (VandeVoort et al., 2007), zona hardening of the zona pellucida (Fuku et 
al., 1995b), disruption of the meiotic spindle (Bernard and Fuller, 1996), and DNA damage (Men 
et al., 2003). Recent studies have suggested that CPAs and vitrification have an impact over the 
pattern of some epigenetic marks.  
 Epigenetic refers to heritable modifications occurring in DNA or chromosomes without 
changing the DNA sequence (Wu and Morris, 2001). The ability to produce a competent embryo 
involves many cellular processes happening during fertilization and embryo development which 
are partially governed by information contained with the DNA sequence, but also by epigenetic 
mechanisms (Rivera and Ross, 2013). Cells in the body share almost identical genetic 
information, but the epigenetic information varies from cell to cell, thus being epigenetics the 
responsible for cell differentiation (Canovas and Ross, 2016). DNA methylation is probably the 
best studied epigenetic mark and has been acknowledged to participate in processes such as gene 
expression, X-chromosome silencing, and gene imprinting (Waechter and Baserga, 1982). 
Histone acetylation is another important epigenetic mark that is involved in gene expression. 
Acetylation of the N-terminus of histones results in an open chromatin that allows the binding of 
transcription factors (Canovas and Ross, 2016).  
 Knowing the importance of epigenetic mechanisms in the development of competent 
embryos, the objective of this experiment was to assess the effect of vitrification and CPA 
exposure over DNA methylation, histone acetylation, and structural changes of bovine cumulus-







Gamete cryopreservation has become one of the most important tools in the animal 
reproduction field. It has allowed the widespread distribution of highly valuable genetics around 
the world and the development of more efficient estrous synchronization protocols. Additionally,  
the long-term storage of gametes and embryos is crucial for the preservation of genetic 
information from endangered species (Prentice and Anzar, 2011; Chatterjee et al., 2017). 
Cryopreservation is the successful preservation of the normal functions of viable cells and tissues 
at ultra-low temperatures below which metabolic and other biochemical reactions take place 
(Mullen and Critser, 2007; Chatterjee et al., 2017). In order for cryopreservation to be successful, 
5 goals have to be met: 1) arresting the metabolism reversibly, 2) maintaining structural and 
genetic integrity, 3) achieving acceptable survival rates after thawing, 4) maintaining 
developmental competence post thaw, and 5) the technique has to be reliable and repeatable 
(Lieberman, 2012).  
Studies regarding cryopreservation started more than 120 years ago demonstrating that 
many microorganisms are able to stand the ultralow temperatures of liquefied gases (Hoagland 
and Pincus, 1942). At the beginning of the 20th century, preservation of cells at subzero 
temperatures was almost impossible, but everything changed when the valuable effect of using 
sugars to dehydrate cells, before freezing, was discovered (Luyet and Hodapp, 1938). A turning 
point in the cryopreservation timeline was when Polge et al. (1949) accidently discovered the 
cryoprotective properties of glycerol while freezing fowl spermatozoa, these being the first 
vertebrate cells to be successfully cryopreserved. By 1959, the use of glycerol to freeze oocytes 
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from different mammalian species had been explored but with very low success (Gook, 2011). In 
the late 1970s, protocols designed to freeze mouse embryos using dimethyl sulfoxide (DMSO) 
were used to cryopreserve mature oocytes resulting in live births after subsequent in vitro 
fertilization, embryo culture, and embryo transfer (Whittingham, 1977). Another important event 
was the development of an ice-free cryopreservation technique consisting of a cryopreservation 
solution capable of reaching a glass transition state (Rall and Fahy, 1985). Vitrification was first 
proposed by Luyet and Hodapp (1938), but based only on rapid cooling rates. Vitrification 
proved to be the best alternative to cryopreserve oocytes and embryos. Currently, gamete 
cryopreservation has proven to be successful in many species making assisted reproductive 
techniques (ART) more practical and available for commercial purposes.  
The two most commonly used methods for gamete and embryo cryopreservation are 
Slow Freezing and Vitrification. Slow freezing permits cryopreservation to occur at a crucial 
slow rate of cooling that allows the satisfactory removal of water from the cells using low 
concentration of cryoprotectants (Rienzi et al., 2017). On the other hand, vitrification techniques 
consist in the use of high concentrations of cryoprotectants and very rapid cooling rates to avoid 
the formation of intracellular ice crystals and advance to a solid, glasslike state (Pereira and 
Marques, 2008). These methods will be discussed more extensively later in this chapter.  
 Events happening during cooling and thawing might cause lethal or sub-lethal cell 
damage compromising the survival and developmental rate after thawing (Coticchio et al., 2004; 
Cobo et al., 2011). The level of the damage caused by these events is variable upon species, 
developmental stage, and origin (In vivo/vitro derived) of the cell or tissue (Pereira and Marques, 
2008).   The deleterious effects of freezing result from crystallization of intracellular water, 
toxicity of cryoprotective agents (CPAs), and osmotic injury (Fabbri et al., 2000; Pegg, 2007; Jin 
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et al., 2011; Azari et al., 2017). All these effects can be avoided by the efficient dehydration of 
cells using the adequate concentration of CPAs and exposure time.  
Cryoprotective Agents 
 Survival of frozen animal cells and tissues requires appropriately controlling cooling and 
warming rates, but more important, the treatment with at least one freeze-protective agent 
(Karow, 1969). Cryoprotective agents (CPAs) are chemicals that protect cells and tissues against 
the damaging effects of freezing allowing them to be stored at very low temperatures for long 
periods of time and to be recovered with high levels of functionality (Elliott et al., 2017). CPAs 
reduce the amount of ice crystals formed at any given temperature by increasing the 
concentration of all solutes in the system which lowers the melting point of water (Pegg, 2007; 
Devismita and Kumar, 2015).  
 Cryoprotectants have been always present in nature since many organisms, including 
plants and animals, accumulate sugars in their systems to survive cryobiosis and anhydrobiosis 
(Pereira and Marques, 2008). The relevant cryoprotective properties of sugars were first 
documented by N. A. Maximov  (reviewed in Castellon and Loya, 2015). The same concept was 
emulated by Luyet and Hodapp (1938) who, during their first experiments,  used sugars to 
dehydrate frog spermatozoa before freezing. Many cryobiologists mark the discovery of the 
properties of glycerol as a cryoprotectant by Polge et al. (1949) as the beginning of the modern 
era of cryopreservation (Fahy et al., 1987). During the two next decades, numerous solutes such 
as sugars, alcohols, diols, and amides were studied for cryoprotective activity showing lot of 
success. Sucrose, 1,2 propanediol, ethanediol, and dimethyl sulfoxide proved to have high 
freeze-protective activity (reviewed in Karow, 1969). All these studies in cryoprotection led to 
the consensus that in order for a substance to be considered as a CPA, it has to be non-toxic in 
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low concentrations, have a low molecular weight, and high solubility in aqueous solutions 
(Lovelock and Bishop, 1959).  
 Cryoprotective agents can be classified into two groups, permeating and non-permeating. 
Permeating CPAs are agents that have low molecular weight and readily penetrate the membrane 
of cells. Permeating CPAs protect cells from intracellular ice formation by forming hydrogen 
bonds with intracellular water. At low concentrations, they lower the freezing point of the 
solution. However, at high concentrations, they lead to the development of a solid, glasslike state 
in which water does not expand (Jain and Paulson, 2006). Non-penetrating CPAs, also known as 
non-permeable CPAs, remain extracellular, taking out free water from within the cell, causing 
dehydration of the intracellular space (Pereira and Marques, 2008). Usually, non-permeable 
CPAs are used in a mixture with permeable CPAs to increase the net concentration of the 
permeating CPA inside the cell (Jain and Paulson, 2006). Refer to Table 1.1 for some examples 
of the most used CPAs in the industry. Cryopreservation protocols commonly use high 
concentrations of non-penetrating CPAs during the thawing phase to avoid excessive swelling 
that may occur when dilution is achieved by direct exposure to physiological solution (Ali and 
Shelton, 1993).  
 Despite all the benefits provided by CPAs, toxicity remains the main obstacle for 
cryopreservation (Best, 2015). Fahy et al. (2004) describes two types of toxicity, specific and 
non-specific. Specific toxicity refers to the toxicity that is particular to a single cryoprotectant. 
Non-specific toxicity results for simple fact of being a CPA. As mention previously, CPAs 
reduce ice crystal formation by bonding with hydrogen between water molecules, and this event 
has been proposed to cause non-specific toxicity.  
 
7 
There are two important reasons why toxicity should be a concern for cryobiologists. 
First, CPA toxicity limits the amount of additive that can be added before freezing, thus 
compromising the effectiveness of these agents. Second, there is enough evidence suggesting 
that CPAs play a direct role in producing cryoinjuries (Fahy, 1986). One of the most common 
ways to avoid CPA toxicity is by designing solutions based on the mixture of CPA. High 
molecular weight additives assist in reducing the amount of permeable CPA needed to provide 
full freeze-protection (Fuller, 2004). In the case of vitrification where high concentrations of 
CPAs are needed, the exposure time in vitrification solution is usually limited to less than one 
minute in order to reduce the chances of toxicity (Fahy, 2010).   
Table 2.1. Most common cryoprotective agents in cryopreservation (Adapted from Hubálek, 
2003)   
Compound Formula Molecular Weight 
Dimethyl sulfoxide (CH3)2SO 78.13 
Ethylene glycol (CH2)2(OH)2 62.07 
Propylene glycol CH3CH2CH(OH)2 76.09 
Glycerol (CH)2CH(OH)3 92.09 
Sucrose C12H22O11 342.3 
Trehalose C12H22O112H2O 378.33 
 
Slow-rate Freezing  
 In embryo and oocyte cryopreservation, the method most commonly used has been slow-
rate freezing, usually referred as conventional cryopreservation or slow freezing. This method 
requires the utilization of an equipment capable of gradually reducing temperature at a specific 
rate to optimize cell dehydration and prevent ice crystals formation. This procedure induces the 
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formation of ice in the extracellular solution before freezing begins (Karlsson and Toner, 1996) 
creating an osmotic imbalance across the cell membrane which forces the intracellular water to 
leave the cell (Hardin, 2016). Slow freezing has the advantage of using low concentrations of 
CPAs, however, at these concentrations their ability to reduce ice formation is limited (Pereira 
and Marques, 2008).  
 Protocols for conventional cryopreservation include the exposure of oocytes and embryos 
to a low concentration of a single permeable CPA or in combination with other permeable and 
non-permeable CPAs. The most common CPAs used in slow freezing are DMSO, glycerol, 
ethylene glycol, and sucrose. The time of exposure varies upon species. Then, oocytes and 
embryos are loaded into straws (usually 0.25 ml) and cooled to about -5 to -7C and kept in that 
temperature range for several minutes to equilibrate. Once equilibrium is achieved, extracellular 
ice formation is induced by seeding. Then, the samples are gradually cooled, at about 0.3-
0.5C/min, to somewhere between -30 to -60C. Seeding allows the formation of extracellular 
ice, and slow freezing rates ensure the adequate dehydration of cells until the temperature at 
which intracellular matrix vitrifies is reached (Mazur, 1963). Once at the desire temperature, 
straws are plunged into liquid nitrogen for storage (Saragusty and Arav, 2011). This method can 
take from one to two hours, but it allows the freezing of a big number of oocytes or embryos at 
the same time.  
 At the moment of thawing, in order to prevent recrystallization of water and further 
damage, it is very important to assure a rapid transition of temperature. Additionally, the use of 
non-penetrating CPAs is required to avoid osmotic shock. Ideally, a stepwise dilution should be 
performed. Thus, as the permeating CPA diffuses out of the cell, the concentration of non-
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permeating CPA is gradually decreased until the samples are returned to the standard culture 
media (Jain and Paulson, 2006).  
 Slow freezing has given good results regarding the survival of embryos after thawing in 
many species. It has also allowed the application of direct transfer which aims to skip the CPA 
dilution process making embryo transfer more practical (Leibo, 1984). This has been very 
helpful in the bovine embryo transfer industry. Many conventional freezing protocols designed 
for embryos have been tested in oocytes, but with inconsistent results because cells enclosed 
within an embryo are much smaller than the single cell of the oocyte, thus embryo cells have a 
larger surface area to volume ration than the oocyte.   
 Due to the level of importance, a lot of studies about oocyte cryopreservation through 
conventional freezing have been done using human oocytes. Chen (1986) reported the first 
pregnancy originated from a human cryopreserved oocyte using DMSO as CPA. He reported 
80% of morphological survival after thawing and 60% cleavage of the oocytes inseminated. Few 
other pregnancies from frozen-thaw oocytes were reported in the subsequent years (Chen, 1988; 
Porcu et al., 1997). However, the technique was put in doubt, not only because of the low 
success rates, but because it has been shown that the gradual freezing used in conventional 
cryopreservation causes injuries that lead to apoptosis (Djuwantono et al., 2011).   
 Slow cooling rates induce the formation of extracellular ice, while rapid rates contribute 
to intracellular ice formation. Both are reported to cause structural damage to cells during 
cryopreservation. The most reported cases of cellular damage and events promoted by freezing 
include the disruption of the meiotic spindle and chromosomal arrangement (Van der Elst et al., 
1988), zona hardening (Vincent et al., 1990), and parthenogenetic activation (Gook et al., 1995). 
The level of damage caused by ice crystal formation can be significantly reduced by using very 
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high cooling rates to low temperatures where water is transformed into a glasslike structure. 
High cooling rates can be achieved with vitrification. 
Vitrification  
 Vitrification, a word coming from the Latin “vitrium” that means glass, refers to a 
process that, by rapid cooling, causes the transformation of cells or tissues into a solid state with 
similar characteristics to glass, but without ice crystal formation (Kuleshova and Lopata; 
Castellon and Loya, 2015). Glass is a state in which a liquid is too cold or viscous to flow 
(Kuwayama et al., 2015). Briefly, the method involves high concentration of CPAs, very rapid 
cooling and warming so as to vitrify the cell or tissue without allowing the water to crystallize 
(Hoagland and Pincus, 1942).  
 Vitrification, as a method for gamete cryopreservation,  was first proposed by Luyet and 
Hodapp (1938) who vitrified and successfully revived frog semen. During the next decades, 
vitrification was applied as an approach to freeze organs and other tissues. Most of the progress 
with vitrification of embryos and oocytes was achieved during the mid 1980s with the 
development of an ice-free cryopreservation protocol for mouse embryos by Rall and Fahy 
(1985). Rall et al. (1987) reported live births after vitrification of eight-cell mouse embryos. 
Nakagata (1989) in his study reported high survival of mouse oocytes vitrified at the metaphase 
II (MII) stage. After warming, 87.6% of the oocytes presented normal morphology, and after IVF 
45.8% of the 2-cell embryos transferred developed to normal young. The birth of 3 calves after 
vitrification of oocytes at the germinal vesicle (GV) stage was reported by Suzuki et al. (1996). 
Kuleshova et al. (1999) documented the first birth after vitrification of human oocytes using 
ethylene glycol and sucrose as CPAs and open pulled straws (OPS) as carrier. Hundreds of 
papers have been published reporting offspring from many species obtained after vitrification of 
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oocytes in the GV and MII stage. The continuous improvement of vitrification, as an optimal 
approach for oocyte cryopreservation, has allow this technique to become a routine in the ART 
lab.  
 There are seven important parameters influencing the effectiveness of vitrification 
(adapted and modified from Kuwayama et al., 2015):  
1. Cryoprotectant: effective vitrification could be achieved with high concentrations of a 
single CPA, but these concentrations are usually toxic to oocytes and embryos (Fahy et 
al., 1987). Mixtures of permeable and non-permeable CPAs are used to decrease toxicity 
and favor cell viability (Bruggeller and Mayer, 1980). Penetrating CPAs, such as DMSO, 
glycerol, and ethylene glycol, exhort their protective properties by replacing some of the 
intracellular water and thus increasing the viscosity in the cells which helps in the 
transition to the glassy state (Kuleshova et al., 2007). Sucrose is one of the most common 
non-penetrating CPA used in vitrification. Besides increasing the number of solutes in the 
solution, sucrose acts also as an osmotic agent, drawing intracellular water even before 
ice formation begins (Kuwayama et al., 2015).  
2. Temperature of vitrification solution at exposure: toxicity of CPAs is dependent upon 
temperature of the vitrification solutions. Performing CPA exposure at RT or lower 
temperatures may decrease CPA toxicity (Kuwayama et al., 2015).  
3. Duration of exposure to CPA solution: time is also a factor that directly influences CPA 
toxicity. Vitrification protocols highly encourage the step-wise exposure to CPAs 
solutions, beginning with an equilibration solution which should contain half or less of 
the final concentration of CPA desired. Rall and Fahy (1985) reported that 15 min in 
equilibration solution was more than enough for embryos to show complete permeation 
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of penetrating CPAs. Once in the vitrification solution containing the highest CPA 
concentration, embryos or oocytes should be exposed the minimum time possible, loaded 
onto carrier,  and then directly plunged into liquid nitrogen (LN) to minimize toxicity 
(Fahy et al., 1984). Most protocols suggest that less than a minute in vitrification solution 
is an optimal time.   
4. Volume of vitrification solution: the smaller the volume, the higher the probability of 
vitrification (Arav et al., 2002). The purpose of reducing the volume is to facilitate heat 
transfer, thus increasing cooling rates (Saragusty and Arav, 2011).  
5. Rate of cooling and warming: extremely rapid cooling rates are needed to achieve 
vitrification which are provided by plunging carriers into LN or LN slush. Colling rates 
reached are of hundreds to tens of thousands degrees Celsius per minutes (2,500 to 
30,000C/min), depending on the type of carrier, volume, and composition of the solution 
(Saragusty and Arav, 2011). According to Seki and Mazur (2012), high warming rates 
can be more important than cooling rates to deliver more consistent results. In their study 
with mouse oocytes they reported morphological survival rates that exceeded 80% using 
warming rates as high as 117,000C/min.  
6. Carrier: vitrification devices can be classified into tubing and surface systems. Tubing 
systems include devices such as plastic straws (Rall and Fahy, 1985; Ishimori et al., 
1993), OPS (Kuleshova et al., 1999; Vieira et al., 2002), and closed pulled straws 
(Ghasem and Negar, 2013). Some of the surface devices include the Cryotop (Zhou et al., 
2010), Cryolock (Bernal et al.; Taylor et al.), and nylon mesh (Matsumoto et al., 2001). 
A debate has been stablished on which system is the most reliable. In terms of 
temperature conductivity, surface systems or open devices offer the best conditions. They 
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require small volumes (around0.1 l) and the direct contact of the sample with LN, 
incrementing cooling rates, thus vitrification is more likely to occur. However, there are 
some concerns about cross contamination due to the direct contact with LN (Criado, 
2012). On the other hand, tubing or closed devices offer protection to contamination, but 
cooling rates are lower. Bartolac et al. (2015) compared both vitrification systems using 
porcine embryos and concluded that no differences were found in terms of survival rates. 
7. Experience of the operator: successful vitrification requires high levels of experience. 
Time managing is the most important skill because times in every solution are critical to 
minimize CPA toxicity. Especially in the solution containing the final concentration in 
which the operator has less than one minute to move the samples from equilibration 
solution to vitrification solution and load them onto the carriers. 
Common vitrification protocols are based on the step-wise exposure to CPAs. The first 
step consists in equilibration; samples are placed into a solution that contains half of the final 
concentration of CPAs. Usually, in equilibration solution (ES), samples are exposed to a 
combination of two penetrating CPAs. The time in ES varies from 5 minutes (Chaves et al., 
2017) to 15 minutes (Zhou et al., 2010), depending upon the time needed for a sample to shrunk 
and re-expand, indicating that permeation with penetrating CPAs has been achieved. Following 
equilibration, samples are moved to vitrification solution (VS), and then loaded onto the carrier 
and plunged into LN; this step must be performed within one minute. ES usually contains a 
mixture of ethylene glycol with either DMSO or glycerol. VS contains higher concentrations of 
the mixture of CPAs included in ES, but sucrose is also added to increase dehydration.  
During warming, removal of CPAs can be an issue. Firstly, dilution has to be quick to 
avoid toxicity from the vitrification solutions. Secondly, water enters the cells faster than the 
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CPAs are drawn from the cell, inducing osmotic swelling. Step-wise removal combined with a 
good design of diluents are the key to avoid these problems. Sucrose is commonly used as an 
osmotic buffer to reduce the difference in osmolality between the intra and extracellular 
compartment (Lieberman, 2012). Carriers are inserted into dilution solution 1 (DS1) containing 
sucrose (0.5 M) previously warmed at 37C for 3 min. Performing this step at 37C is very 
important to reach high warming rates. While in DS1, samples are searched using a stereo 
microscope. Then, samples are put into dilution solution 2 (DS2) which contains half of the 
concentration of sucrose (0.25 M) and incubated for 3 min at room temperature. Finally, samples 
are washed in a base solution (Diaz et al., 2015).  
Besides the significant progress in oocyte cryopreservation achieved with vitrification, 
there are still challenges in terms of survival that need to be addressed. CPAs concentrations are 
still too high, thus making toxicity one of the biggest problem during vitrification.  (Chian et al., 
2014). Rusciano et al. (2017) in their study using Raman micro-spectroscopy to evaluate the 
molecular composition of vitrified-warmed bovine oocytes reported that vitrification induced 
modifications in proteins and lipids of the zona pellucida resulting in the hardening of this 
cellular compartment. Additionally, modifications at the biochemical level were observed in the 
cytoplasm. Finding an ideal vitrification system used to be an issue in terms of reaching very 
high cooling rates, but better results can be obtained with the use of liquid helium (LHe), that 
only exist at temperatures of -269C, instead of LN as cryogenic liquid (Chen et al., 2014; Yu et 
al., 2016; Wu et al., 2017). There has been also evidence that vitrification causes modification at 
the epigenetic level in oocytes (Chen et al., 2016).    
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Cryoinjuries and Possible Solutions 
In terms of success, oocyte cryopreservation has proven to be more challenging than 
embryo freezing for many reasons. First, the oocyte is a large spherical cell with small surface-
volume ratio and low permeability to water, thus, it is expected to lose less water in a determined 
period of time (Mazur, 1963). Intracellular water during freezing will form ice crystals resulting 
in damage to important cellular structures and apoptosis. Secondly, oocytes are cells that develop 
until a certain stage, and in order for them to continue to survive, they must undergo fertilization. 
For fertilization to occur naturally, the integrity of the unique structures of the oocyte must 
remain unharmed (Paynter and Fuller, 2007). These structures include the cumulus cells, zona 
pellucida, and meiotic spindle.  
Zona Hardening  
There is evidence indicating that the exposure to CPAs induces the release of cortical 
granules in bovine oocytes (Fuku et al., 1995a). This premature release has been shown to cause 
damage and hardening of the zona pellucida (Fuku et al., 1995b). Naturally, exocytosis of 
cortical granules occurs after the fusion of oocyte and spermatozoon membrane. This is known 
as the zona block, a process whereby the zona pellucida undergoes biochemical changes in order 
to prevent polyspermy (Senger, 2012). Carroll et al. (1990) reported that changes in the zona 
pellucida were responsible for the low fertilization rates of frozen-thawed mouse oocytes. 
Similar outcomes were obtained by Wood et al. (1992). In this study they report that 80% of the 
oocytes that did not fertilize, presented no sign of sperm penetration. The use of 
macromolecules, such as FBS, in cryopreservation solutions has been proposed as a method to 
avoid zona hardening (Schroeder et al., 1990). This theory was confirmed by Carroll et al. (1993) 
who reported that fertilization rates obtained from cryopreserved mouse oocytes were similar to 
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those achieved with fresh eggs when  macromolecules were added to the freezing and thawing 
media, specially fetal calf serum (FCS). Additionally, births from cryopreserved human oocytes 
were reported after performing intracytoplasmic sperm injection (ICSI), suggesting that this 
technique could also be used as another method to bypass damages caused to the zona pellucida    
(Porcu et al., 1997).  
Disruption of the Meiotic Spindle 
In the matured oocyte, the major microtubule structure is the meiotic spindle, which 
holds the equatorially aligned haploid set of maternal chromosomes. Alterations in the 
chromosomal arrangement, that might result from damage in the spindle, could end up in 
aneuploidy producing dangerous consequences for embryonic and fetal development (Bernard 
and Fuller, 1996). Microtubules are thermo- and chemo-sensitive structures, so the spindle is 
expected to change due to the conditions created during the whole process of cryopreservation 
(Van der Elst et al., 1988). Pickering and Johnson (1987) studied the effect of cooling on the 
organization of microtubules of mouse oocytes. They reported that cooling to 25, 18, or 4C for 
different periods of time caused the disruption of the spindle and chromosomal disorganization. 
Similar studies were carried using different animals such as the human (Pickering et al., 1990; 
Almeida and Bolton, 1995), bovine (Martino et al., 1996), and ovine (Succu et al., 2007). 
Interestingly all of them reported damages to the meiotic spindle and chromosomal organization 
due to cooling. Cryoprotectants have also been reported to cause damage to the morphology of 
the meiotic spindle (Johnson and Pickering, 1987; Van der Elst et al., 1988). Some of the 
changes induced by CPA exposure include chromosome dispersal and clumping, microtubule 
depolymerization, and alteration of the spindle structure (Saunders and Parks, 1999). After 
thawing/warming, submitting oocytes to an incubation period of 1-3 hours in maturation or 
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cleavage media, has been reported to result in partial restoration of the spindle and chromosomal 
reorganization (Johnson and Pickering, 1987; Pickering and Johnson, 1987; Van der Elst et al., 
1988; Pickering et al., 1990). Another alternative is to cryopreserve immature oocytes while they 
are still in the germinal vesicle stage before the cryosensitive spindles have formed (Tucker et 
al., 1998).  
Disruption of Cumulus Cells Integrity 
One of the principal challenges while cryopreserving immature oocytes is to maintain the 
integrity of cumulus cells. Oocytes are surrounded by cumulus cells which metabolic processes 
directly affect the oocyte (Brambillasca et al., 2013). This communication is required for the 
oocyte to resume meiosis, to achieve full cytoplasmic maturation, and to acquire developmental 
competence (Vanderhyden and Armstrong, 1989; Tanghe et al., 2003). Consequently, it is 
essential to guarantee the survival of cumulus cells during cryopreservation of immature oocytes 
in order for the oocyte to fertilize and develop into offspring. VandeVoort et al. (2007) in their 
study cryopreserved immature primate oocytes using slow freezing. They reported that 
maturation of oocytes after cryopreservation and CPA exposure of GV-stage oocytes is likely to 
be compromised due to the disruption of microtubules and transzonal processes (projections that 
connect the cumulus cells with the oocyte membrane). As a method to avoid this type of injury 
and increase blastocysts development rates, Tashima et al. (2017) proposed the downsizing or 
complete removal of the cumulus cells layers before vitrification. Co-culture with cumulus cells 
during in vitro maturation has also been suggested to improve viability and maturation rates after 
vitrification (Casillas et al., 2014).  
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DNA Damage and Epigenetic Alteration during cryopreservation 
Besides structural damage, cryopreservation by slow freezing and vitrification has been 
shown to cause nuclear damage in bovine oocytes (Men et al., 2003). Stachowiak et al. (2009) 
conducted an experiment to determine the level of DNA damage produced by three vitrification 
methods (droplet system, OPS, and 0.25 ml straws) as measured by the Comet assay in in vitro 
matured bovine oocytes. They concluded that DNA damage was found regardless the 
vitrification method, but they found DNA fragmentation in 15% of the oocytes vitrified in 0.25 
ml straws. In a study, designed to assess the expression pattern of apoptotic genes (Fas, FasL, 
Bax, and Bcl-2) in vitrified-warmed MII bovine oocytes, reported up-regulation of these genes 
suggesting this as a reason of low developmental competence after warming (Anchamparuthy et 
al., 2010). Chen et al. (2016) studied the effects of vitrification on epigenetic marks of bovine 
oocytes and embryos. They reported that the levels of DNA methylation and H3K9me3 were 
lower than those in fresh oocytes, but levels of H3K9 were increased. They also found that 
putative imprinted genes were upregulated in blastocyst produced from vitrified-warmed 
oocytes. They concluded that vitrification may cause the disproportionate relaxation of 
chromosomes, thus resulting in the alteration of expression of genes involved in blastocyst 
development.  
Epigenetic Regulation of Early Embryogenesis  
 Epigenetic, which literally means outside conventional genetics, is the term used to 
describe the study of heritable modifications taking place in DNA or chromosomes without 
making any alteration to the DNA sequence (Wu and Morris, 2001; Jaenisch and Bird, 2003). 
One of the principal functions of epigenetic mechanisms is to provoke changes in gene 
expression as a response to alterations in the environment (Jaenisch and Bird, 2003). There are 
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two important processes during gamete development and early embryogenesis that are governed 
by epigenetic regulations. The first event occurs during germ cell formation and comprises a 
system of DNA methylation reprograming where parental epigenetic marks are erased to restore 
gamete totipotency which is indispensable for oocytes and sperm to develop a unique and 
differential epigenome (Santos and Dean, 2004; Chason et al., 2011; Canovas and Ross, 2016). 
The second event takes place during fertilization and early embryonic development where, 
through genomic imprinting, the appropriate genes are expressed in a parent-specific manner to 
assure normal development (Chason et al., 2011). Gene expression is mainly controlled by two 
epigenetic mechanisms: DNA methylation and histone modifications.  
DNA Methylation  
DNA methylation is a covalent modification of DNA that results from the addition of a 
methyl group to the carbon-5 position of the pyrimidine ring of cytosine (Canovas and Ross, 
2016). It is one of the most understood epigenetic modifications, and it is essential for many 
processes including gene expression, genomic imprinting, and X-chromosome inactivation and is 
a fundamental aspect of cell differentiation. DNA methylation has been related to transcriptional 
repression because it mostly occurs in CpG dinucleotides which are found in higher quantities in 
suppressed genes (Waechter and Baserga, 1982) compared to active genes (Naveh-Many and 
Cedar, 1981). It has been suggested that methylation of cytosine inhibits the binding of specific 
transcription factors or promotes the recruitment of methyl binding proteins with repression 
properties (reviewed in Dupont et al., 2009; Canovas and Ross, 2016).  
Two well established cycles of DNA demethylation and remethylation have been 
described to take place during mammalian development. Global demethylation occurs in both 
males and females during primordial germ cell proliferation and early embryogenesis, whereas 
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de novo methylation occurs at different points of gametogenesis (Dupont et al., 2009). The 
remethylation process in males occurs in early gametogenesis. In females, DNA methylation is 
reestablished after birth during folliculogenesis and oocyte growth (reviewed in Seisenberger et 
al., 2013). During these cycles of epigenetic reprograming, other epigenetic mechanisms 
including histone modifications and histone variants, are also under controlled alterations that 
guarantee normal germ cell and embryonic development.  
Histone Modifications  
In eukaryotes, the nucleosome is the basic structural unit of the chromatin and consists of 
approximately 147 base pairs of DNA coiled around an octamer of histone proteins (J D McGhee 
and Felsenfeld, 1980).  The association between DNA and histones allows the condensation of 
the chromatin which is necessary for the DNA to form chromosomes and fit inside the nucleus 
(Canovas and Ross, 2016).  The histone octamer includes two molecules of each histone variant 
(H2A, H2B, H3, and H4) plus a linker histone H1 or H5 (Henikoff and Smith, 2015; McGinty 
and Tan, 2015). This arrangement permits the exposure of histone tails at the nucleosome surface 
making them prone to changes caused by enzymes that modify the configuration of the 
chromatin structure, allowing it to be more or less readable for transcription (Canovas and Ross, 
2016). Most of these changes are caused by post-translational modifications such as histone 
acetylation and methylation. There is evidence that acetylation of the N-terminus of specific 
lysine residues of the histone molecule allows the transcription factors to bind the chromatin 
structure. On the other hand, methylation of lysine residues causes transcriptional suppression 
(reviewed in Rivera and Ross, 2013).  
During fertilization and early embryogenesis, posttranslational modifications occurring in 
the oocyte chromatin remain very stable in comparison to the paternal chromatin. The oocyte 
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chromatin that will form the maternal pronucleus undergo little changes during zygotic 
development because histone modifications are already established in the metaphase plate 
(reviewed in Burton and Torres-Padilla, 2010). On the other hand, in the paternal genome 
changes start during spermatogenesis when histones are substituted by protamines. The reason of 
this substitution is unclear, but it has been suggested that it helps to make the journey through the 
female reproductive tract easier, protects the genetic material, and more importantly, it might 
take part in chromatin reprograming (Braun, 2001).  After fertilization, protamines are replaced 
by maternally inherited histones. Soon after histone re-integration, acetylation is detected 
probably due to new histones carry inherited modifications and methylation is later detected 
during zygote development (reviewed in Cantone and Fisher, 2013).  
Epigenetic Regulation and ARTs 
Epigenetic reprograming during germ cell formation, growth, and early embryonic 
development is very important to guarantee that the fusion of two gametes will end up in the 
creation of a healthy organism. During the past few years, many reports have been published 
suggesting abnormalities at the DNA level of offspring resulting from gametes or embryos 
submitted to ART manipulations. These findings have led to conduct experiments aimed to 
explore the possible effects of ARTs on epigenetic marks of gametes and embryos. 
Large Offspring Syndrome is a very-well documented effect produced by in vitro culture 
of cattle and sheep embryos, and it is associated with reduced methylation and expression of 
IGF2R (Young et al., 1998; Young et al., 2001). Li et al. (2005) in their experiment explored the 
allelic expression of four imprinted genes (Igf2, H19, Cdknlc, and Slc221L) of in vitro and in 
vivo produced mice embryos. They reported that IVF derived mice which had been cultured in 
human tubal fluid presented a high frequency of aberrant H19 imprinting. This was later 
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demonstrated by Fauque et al. (2007) who reported that epigenetic alterations, mostly 
methylation anomalies, occurring in H19 gene are under the influence of fertilization method, 
specifically IVF.  H19 has been proposed to control growth through the regulation of Igf2 
expression and also to be a putative tumor suppressor (Gabory et al., 2006). 
DNA methylation and posttranslational modifications of histones status after 
cryopreservation have been also studied. Hu et al. (2012), through an immunocytochemistry 
protocol using anti-5 methyl cytosine, compared global methylation patterns of in vitro matured 
bovine oocytes submitted to slow-freezing and vitrification using propylene glycol, ethylene 
glycol, and DMSO as cryoprotectants. They concluded that global methylation patterns were 
significantly lower in the vitrification and slow freezing groups while using DMSO as CPA 
compared to fresh oocytes, but much higher in the vitrification group when using propylene 
glycol. Chen et al. (2016) in their study got similar results. They reported that bovine in vitro 
matured (IVM) oocytes submitted to vitrification using DMSO and ethylene glycol as CPA 
showed lower levels of DNA methylation. In the same experiment, histone acetylation and 
methylation patterns were also studied using immunofluorescence. Results showed that H3K9m3 
levels were lower in the vitrification group compared to those obtained with fresh oocytes, but 




EFFECT OF VITRIFICATION ON DNA METHYLATION OF BOVINE 
CUMULUS-OOCYTE COMPLEXES 
 
Hypothesis and Objectives  
The hypothesis of this experiment is that vitrification causes alterations in DNA 
methylation patterns of bovine oocytes at the germinal vesicle stage and metaphase II stage.  
The aim of this study was to determine the effect of vitrification with two combinations 
of CPAs on DNA methylation of bovine cumulus-oocyte complexes (COCs) at the germinal 
vesicle or metaphase II stage.   
Materials and Methods 
Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich Chemical Co. 
(St. Louis, MO, USA).  
Animals  
 All the procedures performed in this experiment were approved by the Louisiana State 
University Animal Care and Use committee and were carried out at the LSU Reproductive 
Biology Center, St. Gabriel, LA. Around 10-12 Angus cross cows were used as oocytes donors 
during the beginning of the summer and fall of 2016. Cows’ body condition scores ranged from 
6 to 8. Cows were held in a pasture with ad libitum access to mixed native grasses and water, and 
were supplemented with hay when necessary.  
Experimental design 
 Global DNA methylation was evaluated through immunocytochemistry after COCs were 
vitrified at the germinal vesicle (GV) and metaphase II (MII) stage. Two sets of cryoprotective 
solutions were used to vitrify the oocytes which included a combination of ethylene glycol (EG) 
with either dimethyl sulfoxide (DMSO) or glycerol (Gly). The resulting treatments were DMSO 
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GV, DMSO MII, Glycerol GV, and Glycerol MII. These treatments were compared to two 
control groups consisting of fresh oocytes at both maturation stages that did not undergo 
vitrification (Table 3.1). Six replicates were performed.  
Table 3.1. Treatments for the effect of vitrification on DNA methylation of bovine oocytes.  
 Control DMSO Glycerol 
Germinal Vesicle Fresh GV (n=29) DMSO GV (n=55) GLY GV (n=58) 
Metaphase II Fresh MII (n=33) DMSO MII (n=31) GLY MII (n=53) 
 
Oocyte Retrieval   
The methodology for this procedure was adapted with some modifications from Bailey 
(2014). Three collections were performed during the beginning of the summer of 2016 and three 
during the fall of 2016 for a total of six collections. Cumulus-oocyte complexes (COCs) were 
collected through transvaginal ultrasound-guided aspiration (TUGA). Cows were held still in a 
manual squeeze chute and given 30 mg of xylazine (XylamedTM, VetOne, Boise, ID, USA) and 
locally anesthetized via caudal epidural injection of 5ml lidocaine (2%, VetOne, Boise, ID, 
USA). To visualize the follicles, a 8.5 MHz convex transducer encased in a hard plastic probe 
(Boland Vet Sales, Keller, TX), USA) and connected to a SonoSite MicroMaxx ultrasound, 
was inserted into the vaginal canal, and, through the rectum, the ovary was held against the 
vaginal wall along the transducer (Figure 3.1).  
Follicles were aspirated with an 18-gauge x 3 inch hypodermic needle (Air Tite Products 
N183) connected by a catheter to a 50 ml tube (FalconTM) previously primed with collection 
media (table 3.2) and held in a tube heater at 37C. A vacuum pump (Cook Veterinary Products, 
Australia) was connected to the 50 ml tube to provide a constant negative pressure. The tubing 
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and needles were rinsed with collection media after aspirating each ovary and the needle was 
changed after the whole procedure was performed in a cow.  
 
Figure 3.1 Representation of transvaginal ultrasound-guided aspiration (adapted from Meintjes et 
al., 1995). 
 
After aspirating both ovaries from a cow, the contents of the 50 ml tube were placed into 
a collection filter (EmCon) to wash the blood and follicular fluid and then poured into a 
searching dish. Oocytes were isolated under a dissecting microscope and then washed and 
incubated in holding solution, HEPES-TALP, at 37C until further processing.  
In vitro Maturation  
 In this experiment, oocytes were evaluated at the germinal vesicle and metaphase II 
stage. Since oocytes, by the time of collection, are at the germinal vesicle stage, half of the 
oocytes from each collection day were submitted to an in vitro maturation (IVM) protocol. The 
remaining oocytes at the germinal vesicle stage were divided into three groups. Fresh oocytes 




Table 3.2 Media used for TUGA and in vitro Maturation (IVM) 
Collection Media HEPES-TALP Maturation Media 
dPBS HEPES TL TCM-199 
1% Bovine Calf Serum 1% Sodium Pyruvate 10% FBS 
0.1% Heparin  0.5% Gentamicin 1% Sodium Pyruvate 
                − 0.3% BSA 1% L-Glutamine  
                −             − 0.5% FSH 
                −             − 0.5% Gentamicin  
dPBS Dulbecco’s Phosphate Buffer Saline. BSA Bovine Serum Albumin. FBS Fetal Bovine 
Serum. 
 
The IVM protocol consisted of the incubation of COCs in maturation media (Table 3.2) 
for 24 hours at 37C in a controlled atmosphere of 5% Carbon dioxide (CO2). In a 35 mm culture 
dish (FalconTM), four 35l drops of maturation media were made and covered with 3 ml of 
mineral oil.  Maturation medium was equilibrated at least two hours prior its use to reach 
physiological pH (7.4). The COCs were washed four times in previously equilibrated maturation 
media to remove residues of holding solution. A Fyrate gas analyzer system was used to validate 
the percentage of CO2 circulating inside the incubator.  
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After 24 hours of IVM, oocytes were removed from the incubator and washed four times 
in previously warmed holding solution at 37C to remove any residue of maturation media. 
Matured COCs were randomly divided into three treatments groups. Oocytes in the control group 
were immediately fixed and oocytes in the DMSO and Gly groups were vitrified. Only oocytes 
that had visible polar bodies and had undergone cumulus cells expansion, which are indicators of 
maturation, were included in this experiment (Figure 3.2).  
Figure 3.2 Representation of a mature mammalian oocyte (modified from Paynter and Fuller, 
2007).  
 
Vitrification and Warming 
 All the steps of the vitrification procedure were performed at room temperature (RT). All 
cryoprotectants were diluted in base medium consisting of Dulbecco’s Phosphate Buffer Saline 
(dPBS) supplemented with 20% fetal bovine serum (FBS) (Table 3.2). As mentioned before, 
oocytes were randomly assigned to four vitrification groups which include DMSO GV, DMSO 
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MII, Gly GV, and Gly MII. Three to four COCs were taken from holding solution and submitted 
to a nine minutes (min) equilibration period in equilibration solution (ES) consisting of half of 
the final CPA desired concentration (Table 3.3), and then exposed to vitrification solution (VS) 
containing full concentration of CPAs. While in VS, COCs were loaded into an open vitrification 
device, Cryolock, and plunged into liquid Nitrogen (LN). Exposure to VS, loading, and 
plunging were performed in less than one min. Vitrified COCs were stored at least two weeks in 
a LN tank at -196C.  
Table 3.3 Vitrification solutions. 
DMSO-based Solutions Glycerol-based Solutions 
Equilibration Vitrification Equilibration Vitrification 
dPBS+20% FBS dPBS+20% FBS dPBS+20% FBS dPBS+20% FBS 
7.5% DMSO  15% DMSO 7.5% Glycerol  15% Glycerol  
7.5% Ethylene Glycol 15% Ethylene Glycol 7.5% Ethylene Glycol 15% Ethylene Glycol 
− 0.5 M Sucrose − 0.5 M Sucrose 
dPBS Dulbecco’s Buffer Saline. DMSO Dimethyl Sulfoxide. FBS Fetal Bovine Serum.  
 
For warming, Cryolock devices were taken from LN and plunged into Dilution 
Solution 1 (DS1) containing 0.5 M of sucrose at 37C for one min, and left at RT for two more 
min. After 3 min in DS1, oocytes were exposed to Dilution Solution 2 (DS2) containing 0.25 M 
of sucrose at RT for 3 min. Finally, thawed COCs were washed four times in base medium. DS1 






Table 3.4 Warming solutions. 
dPBS Dulbecco’s Buffer Saline. FBS Fetal Bovine Serum.  
 
Immunocytochemistry 
 Immediately after warming, COCs were denuded by incubating in a 1ml centrifuge tube 
containing 80 l hyaluronidase solution (3mg/mL) for 4 min at 37C and then vortexing at full 
speed for 4-5 min or until oocytes were completely denuded. Denuded oocytes were washed in 
holding medium to remove any residue of hyaluronidase or cumulus cells and then submitted to 
a methanol fixation protocol as previously described by Giraldo (2007).   
 To increase membrane permeability, denuded oocytes were incubated for one min at RT 
in PBST which consisted of dPBS supplemented with 1% bovine serum albumin and 1% tween-
20. Cell activity was fixed by incubation at 37C in 0.25% paraformaldehyde diluted into dPBS 
for 10 min. After fixation, oocytes were washed by incubation at 4C in dPBS for 10 min. 
Finally, oocytes were exposed to previously refrigerated (-20C) 88% methanol and stored in a 
freezer at -20C until further processing.  
 All the steps of the staining process were carried out at 37C, unless otherwise stated. 
Oocytes were washed in PBST at RT to remove residues of 88% methanol. Oocytes were 
submitted to an incubation in 2N Hydrochloric acid (2NHCl) for 30 min to achieve chromatin 
relaxation and then washed in borate buffer (pH 8.5) to neutralize pH, followed by an incubation 
in dPBS supplemented with 2% BSA for one hour to block non-specific binding sites. Then, 
oocytes were exposed for one hour to the primary antibody Anti-5-methylcitosine (5mC) (abcam 
Dilution Solution 1 Dilution Solution 2 Washing Solution 
dPBS+20% FBS dPBS+20% FBS dPBS+20% FBS 
0.5 M Sucrose 0.25 M Sucrose                − 
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5MC-CD) diluted to a concentration of 1:1000 followed by three washes of ten min each in 
dPBS supplemented with 2% BSA at RT. Alexa Flour  488 goat anti-mouse (2 mg/ml, Life 
Technologies) was used as secondary antibody in a concentration of 1:500. After labeling, 
oocytes were washed three times and then mounted onto glass slides using ProLong Gold 
antifade reagent with DAPI (Life Technologies, Eugene, OR, USA) as mounting media and 
covered with a glass coverslip. Stained oocytes were observed under a fluorescence microscope. 
Fluorescence Quantification      
 Photographs of stained oocytes were taken using a constant exposure time and saved as 
Tagged Image File Format (TIFF). Fluorescence was quantified using the FIJI software 
provided by the National Institute of Health (NIH). The methodology used for fluorescence 
quantification was the same as previously described by McCloy et al. (2014). The measurements 
set in the program included area, mean of grey values, and integrated density. To calculate the 
area, an outline was drawn around the nucleus delimiting the fluorescence region within an 
oocyte. The values for mean of grey values and integrated density are provided by the software 
based on data delivered by the manually selected fluorescence area. To determine the 
background, the average of three intensity measurements of the cytoplasm was calculated for 
every oocyte. Corrected fluorescence intensity (CFI) was determine using the following formula:  
𝐶𝐹𝐼 =  𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 − (𝑎𝑟𝑒𝑎 𝑜𝑓 𝑛𝑢𝑐𝑙𝑒𝑢𝑠 ×  𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑟𝑒𝑎𝑑𝑖𝑛𝑔𝑠)  
 In the case of MII oocytes, only the measurement of the metaphase plate was taken for 
statistical analysis.  
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Statistical Analysis  
 Data were analyzed using the software SAS/STAT 9.4 (SAS Institute Inc., Cary, NC). 
Differences in DNA methylation levels between treatments were assessed by performing one-
way analysis of variance Post Hoc Tukey’s HSD. The level of significance was set at P<0.05.   
Results 
 For treatments including oocytes vitrified at the metaphase II stage, only oocytes that 
presented the metaphase plate and the polar body were taken for analysis. This assessment was 
done at the moment of fluorescence quantification. The overall maturation rate in this experiment 
was 79.3%.  
DNA methylation mean values determined by fluorescence quantification are shown in 
Table 3.5. No differences in DNA methylation levels were found in bovine oocytes frozen at the 
germinal vesicle stage using DMSO or Glycerol when compared to fresh oocytes nor between 
each other (p>0.05). Although DNA methylation values are not statistically different, it is visible 
that oocytes that were submitted to vitrification presented more condensed chromatin (Figure 
3.3).  
In the case of oocytes frozen at the metaphase II stage, no differences were found 
between the control group and DMSO treatment (p>0.05). However, oocytes vitrified using 
glycerol presented a particular abnormality that was common in 87% of the oocytes evaluated.  
As seen in Figure 3.4, a fragmentation of one of the cellular structures occurred. Since it was not 
possible to tell which of the structures was the metaphase plate, no comparisons were made 





Table 3.5 Results (mean) of DNA methylation.1  
 Control DMSO Glycerol 
Germinal Vesicle 5.130.42a 5.050.53a 5.200.43a 
Metaphase II 4.630.31a 4.650.35a − 
Different superscripts within the same row denote a significant difference between groups 
(p<0.05).  
1 Results are expressed in arbitrary fluorescence units taken from the area of interest.  
 
 
Figure 3.3 View under fluorescence microscope of vitrified-warmed oocytes in the germinal 
vesicle stained for DNA methylation.   
 
 
Figure 3.4 View under fluorescence microscope of vitrified-warmed IVM oocytes stained for 




 Vitrification as an oocyte cryopreservation method has become a routine in the ART lab. 
It has been demonstrated that vitrification, using open devices as Cryolock, yields better results 
than straw systems (Mahesh et al., 2017). Despite all the progress related to the development of 
this technique, vitrification still faces challenges such as the low developmental potential of a 
previously vitrified oocyte to become a healthy embryo compared to fresh oocytes. This could be 
justified by the disruption of cellular structures that are responsible for the activation of the 
oocytes and subsequent meiosis resumption caused by vitrification (Van der Elst et al., 1988; 
Aman and Parks, 1994; Li et al., 2016).  
Additionally, epigenetic modifications play a significant role during fertilization and 
embryonic development. DNA methylation is one of the most relevant epigenetic marks which 
participates in most epigenetic mechanisms and key cellular processes. Due to the importance of 
epigenetic regulation, the effect of vitrification upon global DNA methylation of immature and 
IVM bovine oocytes was evaluated in this experiment.  
 As the oocyte in the Metaphase II stage presents more cellular structures that could 
undergo disruption, freezing oocytes in the Germinal Vesicle (GV) stage has become an 
approach to address this problem. In this experiment, GV oocytes were vitrified using a 
combination of ethylene glycol with either DMSO or Glycerol and compared to fresh oocytes. 
Results showed that vitrified GV oocytes have similar patterns of DNA methylation as fresh GV 
oocytes. These findings are related to previous results indicating that the expression of DNMT1 
and DNMT3b, enzymes responsible of maintenance and de novo DNA methylation, is nearly 
identical in fresh and vitrified GV ovine oocytes (Shirazi et al., 2016).  Oocytes that were 
vitrified present more condensed chromatin than fresh oocytes. Van Blerkom (1989) observed 
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the same characteristic after vitrifying GV mouse oocytes and described it as premature 
chromosomal condensation.  
 Evidence suggests that immature oocytes might be more susceptible to cooling injuries 
than oocytes in the MII (Arav et al., 1996; Luna et al., 2001; Chaves et al., 2017). Vitrification at 
the Metaphase II stage is probably the most common way to cryopreserve oocytes but with high 
level of imparity. In this experiment, Cumulus-oocyte complexes (COCs) were vitrified using a 
combination of ethylene glycol with either DMSO or glycerol to detect changes in DNA 
methylation compared to fresh MII oocytes. Results indicate that DNA methylation patterns of 
COCs vitrified using DMSO-based media are similar to those in fresh oocytes. These findings 
differ from those presented by Chen et al. (2016) and Hu et al. (2012) who vitrified bovine 
oocytes using the same combination of cryoprotectants (ethylene glycol + DMSO) and found 
that oocytes submitted to vitrification had lower levels of DNA methylation in comparison to 
fresh oocytes. We think that discrepancies with previous reports were due to the fact that in our 
study we collected COCs through transvaginal ultrasound guided aspiration, whereas Chen et al. 
(2016) and Hu et al. (2012) used oocytes aspirated from abattoir derived ovaries. Studies suggest 
that bovine COCs collected in vivo have better developmental competence and yielded more 
blastocysts than those recovered post mortem (Plourde et al., 2012), indicating higher quality and 
probably more capability to undergo assisted reproductive technologies.  
 The COCs vitrified using glycerol as CPA presented a peculiar abnormality where seems 
to be a fragmentation of a cellular structure had occurred. Many studies have discussed that one 
of the most common abnormalities seen while cryopreserving matured COCs is the disruption of 
the meiotic spindle. Glycerol has been proposed by Széll et al. (1989) to have low membrane 
permeability causing severe osmotic damage to the cytoplasm. We also attribute this 
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phenomenon to the vitrification of oocytes surrounded by cumulus cells. Ortiz-Escribano et al. 
(2016) concluded that vitrification of matured bovine oocytes with intact layers of cumulus cells 
reduce survival rates after warming.  
Summary and Conclusions  
 Solving major issues regarding cryopreservation of bovine oocytes with improved 
techniques, such as vitrification, will allow other techniques such as cloning and the 
establishment of gene banks for the development of transgenic animals (Zhou et al., 2010). The 
objective of cryopreserving female gametes is to store the genetic material and warm it by the 
time embryo production is needed. Fertilization consists of the union of two gametes to produce 
an embryo that will eventually become an organism. During this process, many cellular 
processes occur orchestrated by information contained in the DNA sequence, but also by 
epigenetic marks which participate in essential events needed for embryo development and cell 
differentiation (Canovas and Ross, 2016). In this experiment we sought to determine the effect of 
vitrification of bovine COCs in two different stages of meiotic division (GV and MII) over one 
of the most studied epigenetic marks: DNA methylation.  
 Oocytes were vitrified using a combination of ethylene glycol with either DMSO or 
glycerol supplemented with sucrose diluted in base medium consisting of PBS + 20% FBS. 
Vitrification and warming were carried out in a step-wise addition or removal of cryoprotectants. 
After warming oocytes were denuded and fixed. Following, an immunostaining protocol was 
performed to detect levels of DNA methylation. Oocytes were mounted onto glass slides and 




 No differences were found when analyzing DNA methylation on COCs at the GV stage. 
Oocytes in the DMSO group presented similar DNA methylation patterns than fresh oocytes. 
However, COCs vitrified using glycerol presented a unique abnormality in the form of DNA 
fragmentation. We speculate that glycerol did not completely permeate the oocyte due to the 
presence of cumulus cells resulting in the disruption of the meiotic spindle. Further research is 
necessary to characterize this irregularity.  





EPIGENETIC RESPONSE OF IN VITRO MATURED BOVINE OOCYTES 
EXPOSED TO DMSO- OR GLYCEROL-BASED VITRIFICATION 
SOLUTIONS 
 
Hypothesis and Objectives 
In this experiment, it is hypothesized that the exposure of in vitro matured oocytes causes 
alterations in DNA methylation and histone acetylation patterns when compared to fresh oocytes. 
The main objective of this experiment was to determine the effect of the exposure of two 
combinations of cryoprotectants containing ethylene glycol with DMSO or glycerol over DNA 
methylation and histone acetylation of IVM denuded oocytes.   
Materials and Methods  
 Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich Chemical Co. 
(St. Louis, MO, USA). 
Experimental Design  
Global DNA methylation and histone acetylation were evaluated in in vitro matured 
bovine (IVM) oocytes through immunocytochemistry after the exposure to cryoprotective 
solutions. The two sets of cryoprotective solutions utilized included a combination of ethylene 
glycol with either dimethyl sulfoxide (DMSO) or glycerol. DNA methylation and histone 
acetylation were treated as two different and independent experiments. For both experiments, 
oocytes were randomly divided into three treatments: DMSO, Glycerol, and a control group 
consisting of fresh oocytes (Table 4.1) that did not undergo cryoprotectant exposure and were 








Table 4.1 Treatments for cryoprotectant exposure.  
 Control DMSO Glycerol 
DNA Methylation Fresh (n=27) DMSO (n=18) GLY (n=20) 
Histone Acetylation Fresh (n=32) DMSO (n=32) GLY (n=31) 
 
Oocyte Collection 
 Oocytes were purchased from a commercial vendor DeSoto Bioscences (Seymour, TN, 
USA) and in vitro matured in BMat14 media (constitution not provided by the vendor) while 
shipped in a portable incubator (Minitube USA, Inc, Delavan, WI) set at 38.5C. When the 
shipment arrived to the Reproductive Biology Laboratory, the oocytes were placed in an 
incubator set at 38.5C and a controlled atmosphere of 5% CO2. Oocytes were remove from 
incubation after 24 hours in maturation medium and immediately denuded using the same 
procedure described in Chapter III.   
Cryoprotectant Exposure 
 A vitrification protocol was performed excluding the freezing in liquid nitrogen (LN). 
Equilibration solution (ES), vitrification solution (VS), dilution solutions (DS), and washing 
solution (WS) were the same as the used in Chapter III (Table 3.3 and 3.4). Briefly, oocytes were 
exposed to equilibration solution for 9 min and then to vitrification solution for 30 seconds. To 
mimic the warming step, immediately after VS, the oocytes were exposed to dilution solution 1 
and dilution solution 2 for 3 min each, and finally washed in WS.  
Immunocytochemistry 
 After CPA exposure, oocyte cell activity was fixed using the same fixation protocol 
described in Chapter III.    
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 In this experiment, MAXpack Immunostaining Media Kit (Active Motif, USA) was 
used to optimize the immunofluorescence protocol. All the steps were performed at 37.5C 
unless otherwise stated. Fixed oocytes were washed in PBST at RT to remove residues of 88% 
methanol followed by a 30 min incubation in 2NHCl. Potential of hydrogen (pH) was neutralized 
by washing the oocytes in Borate Buffer. Non-specific binding was blocked by incubating the 
oocytes in MAXblock Blocking Medium for 1 hour followed by a 10 min wash in 
MAXwash Washing Medium at RT over a rocker platform. Antibodies Anti-5-methylcitosine 
(5mC) (abcam 5MC-CD) and Anti-acetyl-Histone H3 (Polyclonal Antibody, Millipore) were 
diluted in Maxbind Staining Medium to a concentration of 1:1000 and 1:100 respectively. 
Oocytes were incubated in diluted primary antibodies for 1 hour in a humid environment to 
avoid evaporation followed by 3 washes in MAXwash washing medium of 10 min each at RT 
over a rocker platform. Alexa Flour  488 goat anti-mouse (2 mg/ml, Life Technologies) and 
Atto 488 goat anti-rabbit IgG (Sigma-Aldrich) were used for labeling in concentrations of 1:500 
and 1:100 respectively. Oocytes were incubated for 1 hour in diluted secondary antibodies in a 
humid environment to avoid evaporation followed by 3 washes of 10 min each in MAXwash 
washing medium. Finally, oocytes were mounted onto glass slides using ProLong Gold 
antifade reagent with DAPI (Life Technologies, Eugene, OR, USA) as mounting medium and 
covered with a glass coverslip. Stained oocytes were observed under a fluorescence microscope.  
Fluorescence Quantification  
 Photographs of stained oocytes were taken using a constant exposure time and saved as 
Tagged Image File Format (TIFF). Fluorescence was quantified using the same methodology 




Data were analyzed using the software SAS/STAT 9.4 (SAS Institute Inc., Cary, NC). 
Differences in DNA methylation and Histone acetylation levels between treatments were 
assessed by performing one-way analysis of variance Post Hoc Tukey’s HSD. The level of 
significance was set at P<0.05. 
Results 
 Only oocytes that presented the metaphase plate and the polar body were taken for 
analysis. This assessment was done at the moment of fluorescence quantification. The overall 
maturation rate in this experiment was 71.13%.  
Mean values for DNA methylation and histone acetylation of IVM oocytes are presented 
in Table 4.1. No significant differences were found when the control group was compared to the 
Glycerol treatment (P>0.05), nor when comparing DMSO versus Glycerol (P>0.05). However, 
IVM oocytes exposed to DMSO showed statistically higher levels of DNA methylation when 
compared to oocytes in the control group (P<0.05). 
No differences were found in global histone acetylation patterns when comparing fresh 
IVM bovine oocytes to oocytes exposed to DMSO or glycerol (P>0.05). Fluorescence levels in 
the three treatments are low (refer to Figure 4.2). 
In the previous experiment, oocytes vitrified using the combination including glycerol 
presented DNA fragmentation. In contrast, in this experiment, oocytes exposed to glycerol 
presented similar structural patterns compared to fresh oocytes (Figure 4.1, 4.2).  
Discussion  
 Cryopreservation of gametes and embryos has allowed the improvement of certain 
reproductive technologies, especially embryo transfer where it was an issue to make coincide the 
 
41 
stage of the embryo and the required uterine environment for implantation. More importantly, it 
is an indispensable tool to store genetic material of endangered species or patients undergoing 
treatments that might compromise fertility.  
Table 4.2 Results (meanSD) of DNA methylation and histone acetylation of IVM bovine 
oocytes exposed to vitrification solutions.1 
 Fresh DMSO Glycerol 
DNA Methylation 4.790.41a 5.170.34b 5.040.31ab 
Histone Acetylation  4.580.18a 4.640.19a 4.630.17a 
Different superscripts within the same row denote a significant difference between groups 
(p<0.05). 
1 Results are expressed in arbitrary fluorescence units taken from the area of interest. 
 
The oocyte has proven to be a very difficult cell to cryopreserve due to its large size and 
the vulnerability of its cellular structures to suffer irreversible damage from freezing. Many 
protocols designed to freeze embryos have been tested in oocytes but with low success, until the 
appearance of vitrification as a feasible tool. Vitrification is a method that uses very rapid 
cooling rates to create a glass like structure that reduces the chances of intracellular crystal 
formation, thus increasing developmental competence after warming. The major issue with this 
method is that in order to achieve the glass-like state, high concentrations of cryoprotective 
agents (CPAs) are needed, however, they have the potential to induce result toxicity.  
Studies have shown that the exposure to high CPA concentrations produce cryoinjuries 
(Fahy, 1986) in specific cellular structures such as the meiotic spindle (Van der Elst et al., 1988) 
and also at the epigenetic level (Liang et al., 2012) in mouse oocytes. The aim of this study was 
to measure the effect of CPA exposure on DNA methylation and histone acetylation in bovine 




Figure 4.1 View under fluorescence microscope of IVM bovine oocytes exposed to vitrification-
warming solutions and immunostained for DNA methylation. 
 
  Previous studies have revealed that IVM bovine cumulus-enclosed oocytes present lower 
developmental competence after warming than those that have been partially denuded (Zhou et 
al., 2010; Tashima et al., 2017). Rienzi et al. (2010) demonstrated that vitrification of denuded 
MII oocytes followed by ICSI is not inferior to fresh insemination proving that vitrification 
denuded oocytes is a feasible procedure. Trying to minimize the impact of cumulus cells during 
vitrification, denuded MII bovine oocytes were exposed to two combinations of ethylene glycol 
with either DMSO or glycerol. 
 
Figure 4.2 View under fluorescence microscope of IVM bovine oocytes exposed to vitrification-
warming solutions and immunostained for histone acetylation.   
 
43 
Under the conditions of this experiment, fresh oocytes had lower DNA methylation levels 
than oocytes vitrified using the combination of ethylene glycol and DMSO. These results agree 
with those presented by Iwatani et al. (2006) who found that mice embryoid bodies exposed to 
DMSO had increased levels of Dnmt3a, a gene coding for the DNA methyltransferase 3 alpha, 
an enzyme that has been proposed as one of the responsible for de novo DNA methylation. No 
differences were found when comparing oocytes treated with DMSO vs glycerol.  
 The last experiment showed that oocytes treated with a combination of ethylene glycol 
and glycerol prior to vitrification produced a fragmentation of one of the intracellular structures 
of the oocyte. In this experiment, denuded oocytes exposed to glycerol presented similar 
structural patterns to fresh oocytes and did not differ in DNA methylation levels compared to the 
other groups. This suggests that glycerol as a CPA does not affect the structures of the oocyte. 
Additionally, this alludes that abnormalities seen in the last study could have resulted merely 
from freezing and that cumulus cells might have compromised the entrance of the cryoprotective 
agent to the cell.  
 Global histone acetylation patterns of IVM denuded oocytes exposed to CPAs were also 
evaluated in this experiment. Histone acetylation is one of the best studied covalent 
posttranslational modifications which is involved in changes occurring to the structure and 
functioning of the chromatin. The main function of acetylation seems to be the neutralization of 
the positive charge of the histone protein making the chromatin structure permissive to the 
binding of transcription factors (reviewed in Rivera and Ross, 2013).  
Fluorescence levels in all the treatments are low, and this could be explained by the 
global histone deacetylation occurring after the germinal vesicle breakdown governed by histone 
deacetylases (Wang et al., 2011; Shirazi et al., 2016). Results in this experiment show that IVM 
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bovine oocytes exposed to a combination of ethylene glycol with either DMSO or glycerol 
present similar histone acetylation patterns to fresh oocytes. These results are similar to the ones 
obtained by Sprícigo et al. (2014) who aimed to study the effect of vitrification of bovine oocytes 
over the genes encoding for enzymes regulating the most important epigenetic mechanisms 
including HDAC2. They concluded that vitrification has no effect on the expression of these 
genes. Additionally, Shirazi et al. (2016) studied the effects of vitrification on histone 
acetyltransferase 1 (HAT1), the enzyme involved in the rapid acetylation of newly synthesized 
histones (Dutnall et al., 1998), of ovine oocytes at different maturation stages and concluded that 
vitrification has no fixed effect over the expression of the gene encoding for this enzyme.  
Summary and Conclusions  
 Oocyte vitrification uses very rapid cooling rates and high concentrations of 
cryoprotectants to achieve a glass-like state avoiding the formation of ice crystals inside the cell. 
Cryoprotectant toxicity is one of the major issues with this technique producing physical injuries 
to some cellular structures compromising further developmental competence. Epigenetic 
mechanisms play very important roles during fertilization and embryo development. Knowing 
the importance of epigenetic regulation for further development of oocytes, we evaluated the 
effect of cryoprotectant exposure on DNA methylation and histone acetylation of denuded 
bovine oocytes at the MII stage.  
 Oocytes were exposed to two combinations of cryoprotectants including ethylene glycol 
with either DMSO or glycerol supplemented with sucrose and diluted in base medium containing 
PBS + 20% FBS. After warming, oocytes were fixed and later submitted to an 
immunocytochemistry protocol to detect DNA methylation and histone acetylation. Finally, 
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oocytes were observed under a fluorescence microscope and pictures were taken using a constant 
auto exposure level.  
 Oocytes in the DMSO presented higher DNA methylation levels than fresh oocytes, but 
similar patterns to those in the glycerol group. Fresh oocytes did not differ in DNA methylation 
levels from those exposed to glycerol. These findings indicate that DMSO produces changes in 
DNA methylation levels that might compromise gene expression and the normal progress of 
other epigenetic mechanisms. Histone acetylation levels were not affected by cryoprotectant 
exposure. Low fluorescence levels in all treatments helped us to confirm the theory that global 
deacetylation occurs after the GV breakdown.  
 No fragmentation of DNA was observed in the glycerol group suggesting that the 
abnormality observed in the previous study might be related to the effect of freezing or the 





EFFECT OF VITRIFICATION AND CRYOPROTECTANT EXPOSURE 
ON THE INTEGRITY OF THE MEIOTIC SPINDLE OF IN VITRO 
MATURED BOVINE OOCYTES 
 
Hypothesis and Objectives  
 In this experiment, it is hypothesized that the exposure of in vitro matured bovine oocytes 
to cryoprotectants and vitrification causes higher incidence of abnormal meiotic spindles. 
Additionally, it is assumed that submitting vitrified oocytes to an incubation period after 
warming induces the reorganization of the microtubular distribution. 
The aim of this experiment was to assess the impact of cryoprotectant exposure or 
vitrification, using a combination of ethylene glycol with either DMSO or glycerol, on the 
configuration of the meiotic spindle (microtubule distribution and chromosomal arrangement). 
As a secondary objective, the effect of a subsequent incubation period following warming on the 
incidence of normal meiotic spindles was determined.   
Materials and Methods  
Experimental Design  
 This study consisted of two experiments designed to assess the impact of cryoprotectant 
(CPA) exposure and vitrification on the integrity of the meiotic spindle of in vivo matured (IVM) 
bovine oocytes. In both experiments, oocytes were randomly divided into three treatments 
according to the base cryoprotectant used. For the experiment that involved CPA exposure, the 
resulting treatments were DMSO (n= 41), Glycerol (n= 60), and Fresh oocytes (n= 40). Oocytes 
in the fresh group were immediately fixed after denudation. For the experiment involving 
vitrification, half of the vitrified oocytes of each treatment were submitted to an incubation 
period after warming to determine if the damages to the meiotic spindle produced by freezing 
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were reversible. The resulting treatments included fresh oocytes (n=78), non-incubated DMSO 
(n=41), non-incubated Glycerol (n=38), incubated DMSO (n=36), and incubated Glycerol 
(n=39). The integrity of the meiotic spindle was evaluated through immunocytochemistry. Two 
replicates were carried out in each experiment.  
Oocyte Collection  
 In vitro matured cumulus oocyte complexes were purchased from a commercial vendor 
DeSoto Bioscences (Seymour, TN, USA) and treated under the exact same conditions as 
previously described in Chapter IV.  
Cryoprotectant Exposure 
 Oocytes were exposed to CPAs in the say manner previously explained in Chapter IV. 
The concentration and constitution of cryoprotectant and dilution solutions were the same as 
those described in Chapter III (Table 3.3 and 3.4).  
Vitrification 
 Denuded oocytes were submitted to vitrification and warming using the same protocol 
utilized in Chapter III. After warming, half of the oocytes were immediately fixed and the other 
half incubated in maturation media for two hours at 38.5C and an atmosphere of 5% CO2, an 
finally fixed.    
Immunocytochemistry  
 The fixation protocol used in both experiments was the same as the previously described 
in Chapter III.  
 MAXpack Immunostaining Media Kit (Active Motif, USA) was used to optimize the 
immunostaining protocol. The steps carried out in this protocol were as the same as those 
described in Chapter IV with some modifications. One of the modifications was that the oocytes 
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were incubated overnight at 4C in primary antibody anti alpha tubulin (10 μg/ml, Serotec, 
Raleigh, NC, USA) diluted to a concentration of 1:100 followed by a round of 4 washes of ten 
minutes each. Alexa Flour 488 goat anti-mouse (2 mg/ml, Life Technologies) was used as 
secondary antibody in a concentration of 1:1000, and then, oocytes were counterstained with 
Propidium Iodide (10g/mL) to stain the chromatin. Finally, oocytes were mounted onto glass 
slides using ProLong Gold antifade reagent without DAPI (Life Technologies, Eugene, OR, 
USA).  Oocytes were visualized under a fluorescence microscope and two pictures were taken 
for each oocyte, one under FITC excitation emission to detect microtubules fibers and one under 
TRITC excitation emission to detect chromatin structure.  
Image Processing   
Using the FIJI software provided by the National Institute of Health (NIH), composites 
were created merging the two images taken for every oocyte in order to assess the normality of 
the meiotic spindle.  
Meiotic Spindle Normality Assessment   
 Classification of chromosomal arrangement and microtubule distribution was done 
following the guidelines proposed by Aman and Parks (1994) (Table 5.1).  
Statistical Analysis  
 The effects of cryoprotectant exposure and the incubation period after vitrification on the 
incidence of abnormal spindles, measured with both microtubules distribution and chromosome 
arrangement were evaluated using logistic regression with a binomial response variable 
(normal/abnormal). Data were analyzed using the software SAS/STAT 9.4 (SAS Institute Inc., 






Table 5.1 Classification of chromosomal arrangement and microtubule distribution (adapted and 
modified from Saunders and Parks, 1999) 
Cellular component Normal  Abnormal  
Chromosome arrangement  
Two compact sets, one aligned 
on the metaphase plate and one 
in the polar body 
Clumped 
Dispersed 
Only one set  
Three or more sets  
None visible 
Microtubule distribution 
Meiotic spindle aligned with 
chromosomes  
Brightly stained 
Very faintly stained  
Not organized in spindle 
shape 
None visible  
 
Results  
 Microtubule distribution and chromosome arrangement of IVM bovine oocytes submitted 
to vitrification or cryoprotectant exposure were assessed through immunostaining (Table 5.2, 
5.3, 5.4). Based on the p-value of logistic regression statistics, none of the treatments had a 
significant impact on the incidence of abnormal microtubule distribution or chromosome 
arrangement when comparing fresh IVM bovine oocytes to those exposed to vitrification-





















Figure 5.1 Normal cytology observed in IVM bovine oocytes after exposure to cryoprotectants or 
vitrification viewed under a fluorescence microscope. Oocytes stained for microtubules with 
















Figure 5.2 Abnormalities in cytology observed in IVM bovine oocytes after CPA exposure or 
vitrification. Oocytes stained for microtubules with anti-alpha tubulin (A,B). Oocytes stained for 
chromatin with Propidium Iodide (C,D).  A) Faintly stained spindle. B) Non-distinguishable 
spindle. C) More than two sets of chromosomes. D) Non-distinguishable chromosomes.  
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Table 5.2 Effect of cryoprotectant exposure on meiotic spindle of IVM bovine oocytes.  
Treatment N Microtubule distribution  Chromosome arrangement 
 Normal Abnormal  Normal Abnormal 
Fresh 40 25 (62.5%) 15 (37.5%) a  30 (75.0%) 10 (25.0%) a 
DMSO 41 23 (56.1%) 18 (43.9%) a  29 (70.7%) 12 (29.3%) a 
Glycerol 60 31 (51.7%) 29 (48.3%) a  38 (63.3%) 22 (36.7%) a 
Different superscripts within the same column denote significant difference between groups 
(P<0.05).  
 
 Results of the assessment of IVM bovine oocytes submitted to vitrification (Table 5.3) 
showed that DMSO had a significant impact on the incidence of abnormal microtubule 
distribution when compared to fresh oocytes (P<0.05). Frequencies found when comparing the 
DMSO group to Glycerol were similar (P>0.05). Additionally, no differences were found when 
comparing fresh oocytes to those submitted to vitrification using the combination of ethylene 
glycol + glycerol (P>0.05).    
On the other hand, the incidence of vitrification on abnormal chromosome arrangement is 
higher (P<0.05) in the vitrification groups than the control group (Table 5.3). No differences 
were found when comparing oocytes vitrified using the combination of ethylene glycol + DMSO 
to those vitrified with ethylene glycol + glycerol (P>0.0.5). 
The effect of incubation was evaluated only in oocytes that underwent vitrification. As 
presented before, the vitrification treatments by themselves did not have a significant impact on 
the normality of microtubule distribution or chromosome arrangement after vitrification. 
However, when submitted to an incubation period after warming, oocytes in the DMSO group 
presented a negative impact resulting in higher frequency of abnormal microtubule distribution 
(P<0.05). The most common abnormalities were revealed as faintly stained or absent 
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microtubules. Oocytes vitrified using ethylene glycol + glycerol presented the opposite trend 
indicating an improvement in the incidence of normal microtubule distribution due to the 
incubation period (P<0.05). The incubation process did not have an effect over chromatin 
arrangement in any of the treatments (P>0.05). 
Table 5.3 Effect of vitrification on meiotic spindle of IVM bovine oocytes  
Treatment N Microtubule distribution  Chromosome arrangement 
 Normal Abnormal  Normal Abnormal 
Fresh 78 47 (60.3%) 31 (39.7%)a  65 (83.3%) 13 (16.7%)a 
DMSO 41 14 (34.1%) 27 (65.9%)b   21 (51.2%) 20 (48.8%)b 
Glycerol 38 18 (47.4%) 20 (52.6%)ab  18 (47.4%) 20 (52.6%)b 




 There is enough evidence supporting the theory that the meiotic spindle of mature 
oocytes is very sensitive to physical and chemical changes. With regard of physical changes, it 
has been proven that lowering the temperature causes the disruption of microtubule distribution 
of the human (Almeida and Bolton, 1995), mouse (Van der Elst et al., 1988), ovine (Succu et al., 
2007), and bovine (Aman and Parks, 1994; Martino et al., 1996). Cryoprotective agents used to 
protect the cells against the effects of freezing have been suggested to have a negative impact on 
the integrity of the meiotic spindle depending on the concentration (Joly et al., 1992; Van Der 
Elst et al., 1992). Disruption of the meiotic spindle is believed to be partially reversible by 
incubating the oocytes at 37C after warming (Van der Elst et al., 1988; Pickering et al., 1990). 
In the present work, microtubule distribution and chromosome arrangement were evaluated in 
IVM bovine oocytes submitted to cryoprotectant exposure or vitrification. Additionally, the 
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effect of a subsequent incubation period after vitrification-warming on the incidence of normal 
meiotic spindle was assessed. 
Outcomes of the assessment of microtubule distribution and chromosome arrangement 
indicate that cryoprotectant exposure has no effect on the incidence of abnormal meiotic spindles 
in IVM bovine oocytes. Similar results were obtained by Van Der Elst et al. (1992) who exposed 
mice oocytes to 1.5 M of propylene glycol, a compound that can be obtained from glycerol and 
was commonly used as cryoprotectant (Islam et al., 2017). They concluded that the exposure to 
this concentration of cryoprotectant did not have an effect in microtubular or chromosomal 
organization. Conversely, in the work conducted by Succu et al. (2007) they concluded that 
ovine oocytes that were exposed to a combination of ethylene glycol + DMSO in the same 
concentrations used in our experiment induced a higher rate of abnormal spindle and 
chromosome configuration.  
Oocytes submitted to the vitrification-warming process using the combination of ethylene 
glycol + DMSO presented higher incidence in abnormal microtubule distribution and 
chromosomal arrangement compared to fresh oocytes fixed right after the completion of 
maturation time (22 hours). These findings are related to those presented by Albarracıń et al. 
(2005) who vitrified IVM bovine oocytes using ethylene glycol + DMSO and concluded that 
vitrified oocytes presented higher proportions of abnormal spindle morphology compared to 
fresh oocytes. Faintly stained or absent microtubules were the most common abnormalities seen 
in this group. Johnson and Pickering (1987) vitrified mouse oocytes at the metaphase II stage 
using DMSO and reported that faintly stained microtubules was also common in these oocytes.   
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Table 5.4 Effect of incubation after vitrification on meiotic spindle of IVM bovine oocytes  
Treatment No-incubation  Incubation 
 Microtubule distribution Chromosome arrangement  Microtubule distribution Chromosome arrangement 
 Normal Abnormal Normal Abnormal  Normal Abnormal Normal Abnormal 
DMSO 14 (34.1%) 27 (65.9%)Aa 21 (51.2%) 20 (48.8%)Aa  10 (27.8%) 26 (72.2%)Ba 22 (61.1%) 14 (38.9%)Aa 
Glycerol 18 (47.4%) 20 (52.6%)Aa 18 (47.4%) 20 (52.6%)Aa  24 (61.5%) 15 (38.5%)Ab 23 (59.0%) 16 (41.0%)Aa 
Different uppercase superscripts within the same row denote significant difference (P<0.05). Different lowercase superscripts within 
the same column denote significant difference (P<0.05). Comparisons were made only between microtubule distribution of both 
groups and chromosome arrangement of both groups, no interactions were analyzed between these parameters.  
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No differences were found between oocytes vitrified using ethylene glycol + glycerol and 
fresh oocytes. Previous reports presented a fragmentation of one of the cellular structures while 
vitrifying oocytes with intact cumulus cell layers using the combination of ethylene glycol + 
glycerol. In this experiment, it was proven that vitrification of denuded oocytes is a safe 
procedure while using ethylene glycol + glycerol and Cryolock devices as carriers. As 
reviewed previously, cumulus cells have an impact in cryoprotectant diffusion through the 
oocyte zona pellucida and cell membrane. Furthermore, vitrification of denuded oocytes in an 
open vitrification device with very small amounts of vitrification solution (<1L) assures the 
highest cooling rates increasing the probability of the transition to the glass-like state, thus a 
reduction in cryoinjuries is observed.  
 In regard to chromosomal arrangement, both vitrification groups, presented higher 
incidence of abnormal chromosomal configuration compared to fresh oocytes. These results were 
consistent with earlier observations in which mouse oocytes vitrified in open pulled straws had 
smaller percentages of normal chromosomes compared to fresh oocytes (Chen et al., 2000). The 
incidence of abnormal microtubule configuration of oocytes in the DMSO group was higher than 
fresh oocytes and similar to oocytes in the glycerol treatment, thus abnormal chromosomal 
configuration is expected.  
 It has been suggested that the impact of vitrification over microtubule distribution could 
be partially reversed by submitting the oocytes to an incubation period after warming. In the 
present study, the effect of an incubation period after warming in IVM bovine oocytes was 
assessed. These results were compared to those obtained in oocytes fixed right after warming.  
 Results indicate that a 2-hour incubation period had a negative effect on oocytes vitrified 
using ethylene glycol + DMSO reducing the amount of normal microtubule distribution. Johnson 
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and Pickering (1987) measured the effect of DMSO on the microtubular system of the mouse 
oocyte. They observed a variety of abnormalities produced by the exposure of oocytes to 
different concentration of DMSO including the disassembly and disappearance of microtubules. 
More importantly, they discussed that the effects of DMSO do not appear to be fully reversible 
in most oocytes. It can also be suggested that the incubation process let the apoptotic genes, 
triggered by vitrification (Rajaei et al., 2013), act over the oocytes interrupting the reassembly of 
microtubules.  
 On the other hand, oocytes vitrified using the combination of ethylene glycol + glycerol 
presented higher incidence of normal microtubule configuration. It has been widely suggested 
that the incubation process allows the reorganization of microtubules. Chromosomal 
arrangement was not affected by vitrification and the incubation process had no effect on it. 
Summary and Conclusions 
 The meiotic spindle of matured oocytes is one of the most susceptible structures to 
freezing. In this study we aimed to assess normality of microtubule distribution and 
chromosomal arrangement of IVM bovine denuded oocytes submitted to cryoprotectant exposure 
or vitrification. Equilibration solution and vitrification solution contained a combination of 
ethylene glycol with either DMSO or glycerol supplemented with sucrose and diluted in a base 
medium consisting of PBS + 20% FBS. Warming solutions consisted of sucrose diluted in base 
medium. In both cases, vitrification and warming, the addition or removal of cryoprotectants was 
done in a step-wise manner to avoid osmotic shock. To evaluate the status of the meiotic spindle, 
tubulin was stained following an immunofluorescence protocol counterstained with Propidium 
iodide to detect chromatin.  
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Results indicate that cryoprotectant exposure does not have an effect on the incidence of 
abnormal microtubule distribution or chromosomal arrangement, suggesting possible protective 
roles of these combinations of CPAs at room temperature. Results were similar when comparing 
oocytes in the control group to those undergoing vitrification using the combination containing 
glycerol. However, vitrification did have an effect reducing the percentage of normal meiotic 
spindles in the DMSO group proposing a detrimental role of DMSO. The effect of a 2-hour 
incubation process in maturation media following warming in reversing meiotic spindle damage 
was also studied. Incubation had a negative effect on oocytes vitrified with DMSO proving the 
point that damages produced by DMSO are not reversible. On the other hand, the incidence of 
normal meiotic spindles increased in oocytes vitrified with glycerol indicating that vitrification 
of denuded oocytes using this combination of CPAs and Cryolock devices as carriers followed 




OVERALL SUMMARY AND CONCLUSIONS 
 
 Oocyte vitrification has numerous application in improving animal breeding programs, 
solving ethical issues in reproductive medicine, and it is the only option to preserve genetics of 
endangered species or females that had undergone fertility loss. Throughout the years, oocyte 
vitrification has become a very common and reliable tool, but it still faces some challenges 
regarding survival rates after warming. Injuries resulting from freezing or cryoprotectant (CPA) 
toxicity have been reported to diminish developmental competence in oocytes. Additionally, 
emerging evidence suggests that vitrification causes alterations on epigenetic marks. Epigenetic 
mechanisms orchestrate key events happening during fertilization and early embryogenesis to 
assure that the fusion of an oocyte and a spermatozoon results in an embryo capable of 
developing into a complex organism.  
 The present study was designed to assess the effect of vitrification and cryoprotectants 
(DMSO and glycerol) on two epigenetic mechanisms (DNA methylation and histone acetylation) 
and the meiotic spindle of bovine oocytes. In order to achieve this goal, three experiments were 
carried out. In the first experiment, the effect of vitrification on DNA methylation of bovine 
cumulus-oocyte complexes (COCs) was measured through immunocytochemistry. The second 
study was aimed at determining the impact of cryoprotectant exposure on DNA methylation and 
histone acetylation of bovine oocytes. The last experiment assessed the effect of vitrification and 
cryoprotectant exposure on the integrity of the meiotic spindle of bovine oocytes.  
 The following conclusions were based on the outcomes of the statistical analysis ran for 
each experiment. Vitrification of oocytes at the germinal vesicle has no effect on DNA 
methylation patterns. Vitrification of COCs using ethylene glycol + glycerol as CPAs has the 
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potential of causing DNA fragmentation, probably related to vitrification with intact cumulus 
cells. Exposure to ethylene glycol + DMSO increases levels of DNA methylation of denuded 
bovine oocytes, probably governed by increased expression of genes encoding for DNA 
methyltransferases. CPA exposure has no effect on histone acetylation levels of denuded bovine 
oocytes. Vitrification causes abnormal chromosomal arrangement. Vitrification using ethylene 
glycol +DMSO increases the incidence of abnormal microtubule distribution and the damage 
seems to be irreversible. Incubation following vitrification-warming using ethylene glycol + 
glycerol promotes the reorganization of microtubules. CPA exposure has no effect on the 
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APPENDIX A: PROTOCOLS  
  
Vitrification Protocol for Bovine Oocytes 
1. Prepare base media for cryoprotectants (CPAs) dilution (Appendix B).  
2. Prepare Equilibration and Vitrification Solution (ES, VS). Vitrification should be 
performed at room temperature (RT) 
3. Place 3-4 oocytes in equilibration solution for 9 min. During this time, move oocyte 
around in the solution.  
4. After equilibration, move oocytes to vitrification solution.  
5. While in vitrification solution, pipette up and down oocytes, load them onto a Cryolock 
device and plunge it into liquid nitrogen (LN). This step must be performed in less than 
one minute.  
6. Using forceps, put the caps on Cryolock devices under LN.  
7. Carefully place Cryolock devices inside goblets without taking them out of LN.  
8. Store in LN tank.  
Warming Protocol for Bovine Oocytes 
1. Prepare dilution solutions (DS1, DS2) using the same base media used in vitrification 
(Appendix B).  
2. In a 35 mm petri dish, put 3 mL of DS1and warm at 37.5C in stage warmer.  
3. Gently remove the cap of the Cryolock devices under liquid nitrogen.  
4. Take a Cryolock device out of LN and plunge it into previously warmed DS1 for 1 min. 
Remove dish from stage warmer and incubate the oocytes in DS1 for 2 more min at RT.  
5. Place oocytes in DS2 for 3 min.  
6. Wash oocytes 3-4 times in base media to remove residues of CPAs.  
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In vitro Maturation for Bovine Oocytes 
1. Prepare maturation medium (Appendix B).  
2. Prepare a 4-well plate with 500 L of maturation medium covered with 500 L of 
mineral oil and a 35 mm petri dish with drops of 35 L of maturation medium covered 
with 3 mL of mineral oil.  
3. Place prepared dishes inside an incubator set at 38.5C and 5.5% CO2 at least two hours 
before using to equilibrate pH.  
4. Wash oocytes through the 4 wells to remove residues of holding solution and place 
oocytes in groups of 20 in each drop.  
5. Incubate them for 22 hours in the same conditions previously described for medium 
equilibration.  
6. After 22 hours, remove oocytes from incubation and wash them thoroughly in holding 
solution to remove residues of maturation medium.  
Methanol Fixation for Bovine Oocytes  
1. Prepare fixative solutions (Appendix B).  
2. Put 88% methanol in a -20C freezer.  
3. Dish preparation: in a 4-well plate, put 500 L of PBST in well 1, 500 L of 0.25% 
paraformaldehyde in well 2, 500 L of dPBS in well 3. Leave well 4 for previously 
cooled 88% methanol.  
4. Place oocytes in PBST for 1 min.  
5. Move oocytes to 0.25% paraformaldehyde and incubate them at 37.5C for 10 min.  
6. Wash oocytes in dPBS at 4C for 10 min.  
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7. Take 88% methanol out of the freezer and put 500 L in well 4. Move the oocytes from 
well 3 to well 4 using a Drummond pipet and incubate them at least for 30 min in a -
20C freezer.  
8. To proceed to immunostaining protocol, wash the oocytes in PBST.  
9. For storage, put the oocytes in a 750 L centrifuge filled with 500 L of 88% methanol 
and store them in a -20C freezer. 
Immunostaining Protocol for DNA Methylation, Histone Acetylation, and Meiotic Spindle 
1. Wash the oocytes in PBST-BSA and transfer them to 2N HCl solution. Incubate the 
oocytes in 2N HCl for 30 minutes at 37C. In the case of histone acetylation staining, 
incubation in 2N HCl is for 1 hour.  
2. Neutralize pH by placing the oocytes into Borate buffer for 5 min.  
3. To block non-specific biding, move the oocytes to PBS+ 2% BSA and incubate them for 
30 minutes at 37C.  
4. Transfer the oocytes to primary anti body solution and incubate them for 30 minutes at 
37C. For histone acetylation and meiotic spindle, incubate oocytes overnight at 4C.  
5. Wash the oocytes in PBS+ 2% BSA 3 times for 10 minutes each at room temperature.  
6. Place the embryos in the solution containing the secondary anti body for 60 min at 37C.  
7. Wash the oocytes in PBS+ 2% BSA 3 times for 10 minutes each at room temperature. 
8. Mount the oocytes on a slide and put a drop of Vectashield mounting media (~2 L) 
containing DAPI.  
9. Carefully, place coverslip over the drop.  
10. Observe oocytes under a fluorescence microscope and take pictures using a constant 
auto-exposure time.  
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APPENDIX B: MEDIA PREPARATION  
 
HEPES-TALP Medium 
Component Source Product Number Amount 
BSA  Sigma A-4503 30 mg 
HEPES-TL  Caisson  IVL01 10 mL  
Na Pyruvate Stock Solution P-4562 100 L 
Gentamicin  Sigma G-1272 50 L 
Sterile filter and store at 4C for up to one week.  
Maturation Medium 
Component Source Product Number Amount 
TCM 199 Sigma M-4530 8.70 mL 
Fetal Bovine Serum Cellgro 35-010-CV 1 mL 
Gentamicin  Sigma G-1272 50 L 
Na Pyruvate Stock Solution P-4562 100 L 
L-Glutamine  Stock Solution G-8540 100 L 
FSH (Folltropin) Stock Solution Bioniche 50 L 
Sterile filter and store at 4C for up to one week.  
Base Media for Vitrification and Warming 
Component Source Product Number Amount 
dPBS Cellgro 21-031-CV 16 mL 






Component DMSO-based Solutions  Glycerol-based Solutions 
 ES  VS  ES  VS 
Base Media 8.5 mL  7.0 mL  8.5 mL  7.0 mL 
Ethylene Glycol  750 L  1.5 mL  750 L  1.5 mL 
DMSO  750 L  1.5 mL  -  - 
Glycerol  -  -  750 L  1.5 mL 
Sucrose -  0.5 M  -  0.5 M 
Equilibration Solution (ES) Vitrification Solution (VS).  
Warming Solution 
Component  Dilution Solution 1 Dilution solution 2 Washing Solution  
Base Media 10 mL 10 mL 10 mL 










APPENDIX C: STOCK SOLUTIONS 
 
1. Dulbecco’s Phosphate-Buffered Saline: Add 100 mL of 10X D-PBS solution (Sigma 
D-1283) to 900 mL of autoclaved DI water to make 1 L of D-PBS. Store at room 
temperature. Add 10 mL of Bovine Calf Serum (HyClone) and 1 mL of Heparin (Sagent 
Pharmaceuticals, Schaumburg, IL, USA) to make the D-PBS oocyte collection medium.  
 
2. Sodium Pyruvate: Sigma P-4562. Dissolve 22 mg of sodium pyruvate in 10 mL of 
sterile Millipore-Q water. Sterile filter into an aluminum foil-wrapped 15 mL conical 
tube and store at 4°C for up to a month.  
 
3. L-Glutamine: Sigma G-8540. Make a 100X stock solution with a concentration of 200 
mM by dissolving 2.92 g of glutamine in 100 mL of DI water. Aliquot 1.0 mL into sterile 
centrifuge tubes and store at -20°C.  
 
4. FSH: Folltropin-V (Bioniche). Make a 1000X stock solution (5 mg/mL) by diluting a 
400 mg vial of folltropin in 80 mL of DI water. Store at -20°C in 100 μL aliquots.  
 
5. Hyaluronidase: Sigma H-3506. Prepare a 1 mg/mL solution by dissolving 10 mg 
hyaluronidase into 10 mL of HEPES-TALP (see media formulations above). Aliquot 1 
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